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Introduction

Current state-of-the-art infrared focal plane arrays (IRFPAs) are based on
HgCdTe material epitaxially grown on bulk CdZnTe substrates, and use a hybrid
technology in which HgCdTe detector arrays and Si readout chips are fabricated
separately and connected element by element using indium bumps. The size of these
IRFPAs is limited by the size of the available CdZnTe substrates and the thermal
mismatch between CdZnTe and the Si readout circuit (thermal expansion coefficients:
4.8 x 10° K" and 2.3 x 10°® K™, respectively), which misaligns the photodiodes with
respect to the Si circuit during heating and cooling cycles. Additionally, impurities in the
bulk CdZnTe material can degrade system performance, and the overall mechanical
strength of the substrate can be a serious concern. Having HgCdTe fabricated on Si-based
composite substrates would eliminate the aforementioned drawbacks related to the
HgCdTe/CdZnTe system. Indeed, the use of Si-based substrates would also lower
detector costs and permit the realization of larger area arrays.

Molecular beam epitaxy (MBE) has emerged in recent years as the flexible
manufacturing technology for IRFPA materials offering the greatest control. The
superiority of the MBE growth technology is enhanced further by the possibility of
growing HgCdTe on alternate, robust and inexpensive substrates such as silicon. Over the
past decade, several research and development groups, including EPIR Technologies
Inc., the Microphysics Laboratory (MPL) at the University of Illinois at Chicago, the
Night Vision Laboratory (NVL), the Army Research Laboratory (ARL), Rockwell
Scientific and Hughes Research Laboratory (HRL), have carried out intensive research
on the growth of CdTe on Si by MBE. As a result of this community-wide effort,
CdTe/Si has reached a level of maturity to compete with bulk CdZnTe as a substrate for
SWIR and MWIR HgCdTe applications. A MWIR 1024 x 1024 IRFPA based on
HgCdTe/Si grown at EPIR has been fabricated by Rockwell Scientific.

When CdTe/Si(211) is used as a substrate for the molecular beam epitaxial
growth of Hgy7sCdy22Te, a lattice mismatch of 0.28% exists between the HgCdTe and

CdTe. Such a lattice mismatch, although small, induces dislocations in the HgCdTe layer




when the layer thickness is greater than the critical thickness, which in this case is less

2

than 200 nm. This translates into a dislocation density of about 10° cm? at the

HgCdTe/CdTe interface, which leads to dislocation densities typically in the 10° cm™

range at the top of the HgCdTe surface after growth to a thickness of about 10 um.
Although such dislocation densities have proven satisfactory for many SWIR and MWIR
applications, they are unacceptable for LWIR applications under low temperature and
low background conditions. Note that the large lattice mismatch between CdTe and Si
may also lead to dislocations that thread into the HgCdTe epilayers. Dislocations in the
HgCdTe can shunt p-n junctions, act as carrier recombination centers and reduce carrier
mobilities.

One possible solution is to reduce the dislocation density in HgCdTe grown on Si
by employing a lattice-matched composite substrate rather than CdTe/Si. Cd,.«Zn,Te/Si,
in which the lattice constant can be tailored to exactly match that of the HgCdTe by
varying the Zn composition, would be a natural choice for this new substrate. Four per
cent Zn in Cd;«ZnsTe is required to achieve lattice matching with the LWIR material
Hgo 78Cdo22Te. However, the MBE growth of Cd;xZn,Te on Si proves to be much more
challenging than the growth of CdTe on Si. In addition to the defects created in CdTe or
Cd,.xZn,Te by their large lattice mismatch (19%) with Si, the crystalline quality of MBE-
grown Cd,xZn,Te degrades significantly as the Zn concentration increases for even small
amounts of Zn. Thus, the use of Cd,.xZn,Te/Si substrates for the MBE growth of HgCdTe
would lead to serious problems requiring extensive research to overcome.

We implemented a second solution, namely growing LWIR HgCdTe on CdTe/Si
substrates despite the resultant high dislocation densities, but passivating the dislocations
to improve device performance. This was achieved through the introduction of an
impurity atomic species that passivates the dangling bonds created by the dislocations.
Hydrogen has been most extensively utilized for such passivation. The passivation
mechanism is straightforward: the dangling bonds give rise to states in the bandgap that
act as Shockley-Read-Hall recombination centers. However, the attachment of the
impurity atomic species to the dangling bond eliminates the gap states, forming bonding

and antibonding states. The bonding states drop into the valence band, while the




unoccupied antibonding states are lifted into the conduction band, so that neither are
electrically active.

The hydrogen passivation of both shallow and deep levels has been well studied
in many major semiconductors, particularly Si and GaAs. Perhaps, its most prominent
application is in a-Si:H solar cells. Notably, it has been found to significantly reduce
leakage currents through dislocation cores in GaN [1]. Indeed, atomic hydrogen has been
found to passivate shallow donors and acceptors in virtually all semiconductors.
Extensive theoretical and experimental studies have in many cases elucidated the
microscopic mechanisms of shallow level passivation. Deep level passivation has been
found to be more thermally stable than shallow, and hence is thought to have greater
practical utility. Even so, the thermal stability has generally not been found to be so great
as to make hydrogen passivation a major tool for the fabrication of high performance
semiconductor-based devices. The exact mechanisms by which hydrogen passivates deep
levels are poorly understood, in part due to the lack of a clear understanding of the
microscopic nature of many deep levels. Defect-hydrogen complexes may involve
several hydrogen atoms and host-lattice structural rearrangements.

The passivation of shallow and deep levels in CdTe and CdZnTe has received
some attention [2-4]. As in most group IV and III-VI semiconductors, hydrogen has been
generally found to be an effective passivant when introduced in either molecular or
atomic form, with resulting improvements in electrical and optical properties.

The hydrogen passivation of HgCdTe has received only superficial study. Early
research involved electrochemical methods of introducing hydrogen into HgysCdysTe
followed by deep level transient spectroscopy to determine the influence on deep levels
[5, 6]. The dominant deep levels at approximately E,/2 and 3Ey/4 were significantly
reduced in concentration after hydrogenation. Unfortunately, annealing at 70°C restored
their activity. Clearly, the passivation of deep-level defects must be stable to be useful,
whereas any passivation of dopants should be unstable so as not to inhibit their activity.
Two more recent papers [7,8] examine mercury-vacancy doped MWIR and LWIR
HgCdTe. Ref. [7] reaches the conclusion that Electron Cyclotron Resonance (ECR)

plasma hydrogenation is effective in passivating surface trap states, whereas ref. [8]




concludes that its only role was to passivate mercury vacancies. It has also been found
that hydrogenation improves the quality of HgCdTe/passivant interfaces [9)].

Some studies have concluded that dislocations decrease the minority carrier
lifetimes [10,11] and carrier mobilities [12] of HgCdTe. It is interesting to note that some
HgCdTe/CdTe/Si layers grown at EPIR Technologies and U. Illinois at Chicago have
shown lifetimes comparable to those grown on CdZnTe. Indeed, a recent work [13] also
reports the recombination lifetimes of two samples of LWIR HgCdTe on Si to be
comparable to those grown on CdZnTe, even though the dislocation densities are greater.
The authors of [13] conjecture that this may be a consequence of not all dislocations
being active as recombination centers. The reproducibility of these results and the
lifetime uniformity over the area of the wafers is not clear. Note that the authors of ref.
[13] do observe a drop in mobility with increasing dislocation density, in qualitative
agreement with those of ref. [12]. The above literature survey on the hydrogen
passivation of HgCdTe reveals many inconsistencies between the results of various
groups. Even though there are some indications that lifetimes for HgCdTe on Si can be
comparable to those on CdZnTe, defect passivation promises an improvement in the
reproducibility of these results as well as creating uniform lifetimes over large area
wafers, leading to greater yields than those currently reached. Furthermore, passivation
holds the promise of preventing dislocations from shunting currents in photodiode
junctions. It is part of the goal of this effort to establish a portable and reliable scheme for
the passivation of dislocations, so as to make it possible for different groups to obtain

consistent and reproducible results.




Experimental Approach

Our experimental approach consisted of testing basic material properties that are
relevant to infrared device performance on samples and devices that are bulk-passivated
with atomic hydrogen, and comparing these material properties with those of un-
passivated samples.

Annealed and as-grown samples of 10mmx10mm size were exposed to ECR
plasmas of various characteristics. With one exception, samples were covered with thin
ZnS layers prior to ECR exposure. After hydrogen exposure, the samples were cut into
Smm x Smm pieces and used for minority carrier lifetime and Hall measurements to test
the effects of bulk passivation with hydrogen. Similar measurements were performed
after shelving the samples for more than 30 days, as well as after heating several samples
at 80 °C for 40 min. to explore the stability of hydrogen passivation. Should an Option
Period be awarded, we plan to fabricate planar photodiodes from epilayers that were
exposed to hydrogen and compare them with devices that were not hydrogen-passivated.

Three 3” HgCdTe/Si wafers were used as part of the Phase I effort. Figure 1

shows the FTIR spectra of the three wafers measured at room temperature.
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Figure 1. FTIR spectra of three LWIR-sensitive HgCdTe heterostructure wafers




The FTIR spectra show sharp cut-offs within the MWIR range at room
temperature (hence are LWIR at low temperatures-see Table 1) and uniform
transmittances over large spectral ranges, indicating the high quality of these epilayers.

The layer structure of the three wafers is shown in Figure 2. This is the typical
heterostructure used by EPIR Technologies Inc. for p-on-n double layer heterojunction
(DLHJ) devices in which the p-type layer is formed by post-growth As ion implantation.
All of the heterostructure layers, with the exception of the buffer, were in situ doped with

indium.

CdTe cap
/

Figure 2. Cross-sectional schematic of the employed LWIR heterostructure

The LWIR absorbers in the samples had similar thicknesses, approximately 14
microns, and were doped with In to produce n-type conduction with carrier
concentrations in the 1-5x10'° cm™ range.

Samples of SmmxS5mm size were cut from the three wafers (MCT02330,
MCT02331 and MCT02333) and measurements were performed on the as-grown
samples to establish basic material properties. They are shown in Table 1. Note that high
EPD samples were chosen for this study to help provide definitive evidence of the effects
of hydrogen passivation. EPIR Technologies’ best HgCdTe/Si layer has an EPD of 1 x

10° cm™, with typical values being 3-5 x 10°cm™.
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Table 1. Characteristics of samples

Sample name EPD (cm™) Cadmium Cutoff at Cutoff at
composition 77K’ 293 K
X m m)
MCT02330 1.89x 10 0.212 12.1 7.3
MCT02331 6.10x 10° 0.214 11.7 7.2
MCT02333 8.44x 10° 0.234 9.0 6.2

* extrapolated from room temperature data using Hansen, Schmitt, Casselman formula (G. L. Hansen,
J. L. Schmitt, and T. N. Casselman, J. Appl. Phys. 53, 7099 (1982) )

Additional samples of Smmx5mm size were also cut from the three wafers and
annealed. These were used as reference samples to determine the pre-ECR
characteristics. The temperature profile used during annealing was the same as that used
for achieving As activation. Namely, the sample temperature was kept at 425 °C for 10
minutes during the first stage, followed by a longer second stage during which the sample
was kept at 235°C. The Hg droplet temperature was kept 5 °C below the sample
temperature at all times during annealing.

A brief description of the employed closed-tube annealing process is given below.
Approximately 9”-long quartz ampoules with bottlenecks about 3-in. from one end were
used to hold samples and Hg droplets. Two sizes of cylindrical ampoules were typically
used. One has inner (ID) and outer diameters (OD) of 9mm and 16 mm, respectively. The
second has ID and OD of 12 mm and 16 mm, respectively. Following a degreasing step,
the ampoules were etched before rinsing with a hydrofluoric acid solution (HF:DI, 1:19)
for about 5 minutes. The ampoules were constantly shaken to allow the solution to flow
through the bottlenecks. A thorough rinsing with DI water terminated the cleaning
procedure. The ampoules were then loosely wrapped in Al foil and baked for 1 hour at
500 °C. Once cooled, each ampoule was first loaded with a Hg droplet of about 4 ml
volume, and then with the sample. The bottleneck prevented the sample from being in
contact with the Hg during the sealing of the ampoule. The ends of each ampoule were
sealed by melting and collapsing the ampoule walls with an H»/O, flame (quartz melts at
around 1300 °C). The ampoules were mounted using a compression fitting to a manifold
that permitted pumping and purging with Ar. Pumping was done using a liquid nitrogen-

cooled sorption pump. A thermocouple pressure gauge was used to measure the pressure.
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After sealing, each sample was brought from the bottleneck to the end of the
ampoule by tapping the ampoule. As a consequence, the Hg droplet and the sample were
located at opposite ends of each ampoule. Sealed ampoules containing both Hg and a
sample were then placed in a multizone furnace. The ampoules were balanced on a fire
brick to allow the samples and the Hg droplets to be exposed to different temperatures.
The pressure within the ampoule is principally determined by the partial pressure of
saturated Hg vapor at the set temperature. Following the thermal treatment, the ampoules

were rapidly quenched in a cold water bath for about 10-15 min. The sealed ampoules

were then cut open and the samples retrieved.
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Results and Discussions

Investigation of hydrogen incorporation

Twelve 10mmx10mm samples were prepared for ECR high-density plasma
hydrogenation. Eight (MCT02330c3, MCT02330c11, MCT02331c6, MCT02331c12,
MCT02331c13, MCTO02333c3, MCT02333c11, MCT02333c17) were annealed and
capped with ZnS, one (MCT02330c10) was annealed but without a ZnS cap, and one
(MCT02330c7) was capped with ZnS but not annealed. Two samples consisted of fully
processed devices (dev and dev_m). Devices were included in the first ECR batch in
order to observe the ECR plasma’s influence on device passivation and on the metal
contacts.

An ECR process based on H; with a low d.c. bias was chosen to avoid physical
damage by the plasma. The excited species generated in the ECR region are used to
dissociate and ionize molecular hydrogen. The process is designed to provide both
atomic and ionized hydrogen. The hydrogen is expected to act as a passivant.

Table 2 summarizes the ECR conditions employed with these samples.




